Abstract After manipulations of the periphery that reduce or enhance input to the somatosensory cortex, affected parts of the body representation will contract or expand, often over many millimeters. Various mechanisms, including divergence of preexisting connections, expression of latent synapses, and sprouting of new synapses, have been proposed to explain such phenomena, which probably underlie altered sensory experiences associated with limb amputation and peripheral nerve injury in humans. Putative cortical mechanisms have received the greatest emphasis but there is increasing evidence for substantial reorganization in subcortical structures, including the brainstem and thalamus, that may be of sufficient extent to account for or play a large part in representational plasticity in somatosensory cortex. Recent studies show that divergence of ascending connections is considerable and sufficient to ensure that small alterations in map topography at brainstem and thalamic levels will be amplified in the projection to the cortex. In the long term, slow, deafferentation-dependent transneuronal atrophy at brainstem, thalamic, and even cortical levels are operational in promoting reorganizational changes, and the extent to which surviving connections can maintain a map is a key to understanding differences between central and peripheral deafferentation.
INTRODUCTION
Some of the most remarkable observations made in recent neuroscience history have been on the capacity of the sensory areas of the cerebral cortex to reorganize themselves in the face of reduced or enhanced afferent input. Maps of the body surface in the somatosensory cortex of adult monkeys were first shown to be capable of reorganization under conditions in which input from peripheral somatosensory receptors was reduced by cutting a peripheral nerve or amputation of a digit. Under these conditions, the cortical representation of the denervated or removed part is invaded by an expanded representation of adjacent parts that retain their innervation (Merzenich et al 1983a (Merzenich et al ,b, 1984 Kaas et al 1983; Kaas 1991) . The inverse of this-namely overuse, heightened stimulation of digits, or correlated use of two adjacent digits-will result in enlarged representations of those digits or readjustment of the internal topography of their representations to match their correlated use (Allard et al 1991; Clark et al 1988; Jenkins et al 1990; Recanzone et al 1990 Recanzone et al , 1992a . In humans, surgical separation of two webbed fingers is followed by conversion of a nonsomatotopic map of the hand into one in which the separated fingers are represented with a fine topography, the reorganization occurring over 3-9 mm of cortical extent (Mogilner et al 1993) . These types of activity-dependent reorganization of the cerebral cortex have been repeatedly confirmed and extended to other sensory areas and to the motor areas of monkeys and other species. The phenomenon is commonly thought to be responsible for the perturbed sensory experiences that occur after the loss of peripheral input from a body part, such as the phantom limb and painful sensations that follow amputation or deafferentation of a limb in humans (Sherman et al 1984 , Carlen et al 1978 , Melzack 1990 , Ramachandran et al 1992 , Ramachandran 1993 , Knecht et al 1996 , Doetsch 1998 . Although in these cases the effect of reorganization is maladaptive, the neural mechanisms that underlie deprivation-dependent cortical reorganization may be the same as those responsible for the improvements in perceptual skills that accompany extended sensory experience, and if harnessed, these mechanisms may be able to provide a basis for promoting recovery of function after lesions of the peripheral or central nervous system (Jenkins & Merzenich 1987 , Merzenich et al 1996 , Xerri et al 1998 . Although efforts are underway to apply knowledge of the adaptive capacity of the cerebral cortex to effect rehabilitation after stroke or to improve performance of a nervous system compromised by learning and other disabilities, it has to be admitted that the field of afferent-dependent cortical plasticity is rich in experimental observations but bereft of mechanisms that explain them.
PHASES AND PROPOSED MECHANISMS OF CORTICAL REORGANIZATION
In the early investigations of the somatosensory cortex of monkeys subjected to various forms of peripheral denervation, such as nerve cuts or amputations of digits, it became clear that there are several phases to the reorganization process: an immediate phase of expansion of the representations of parts with intact innervation adjacent to the deafferented region, an expansion that may not fill the silenced part of the representation; a phase lasting weeks or months in which the new representation is consolidated and topographic order restored; and a late phase of further expansion and use-dependent refinement of internal topography ( Figure 1 ) (see Churchill et al 1998) . The time course and extent of reorganization can differ depending on the conditions of deafferentation, particularly the com- Figure 1 Somatosensory cortical map of the index finger of an undamaged hand (upper) and of the remaining proximal stump of an index finger (D2) from which the middle and distal phalanges had been amputated 2 years previously (lower). Macaque monkey. In the map of the affected hand, the representation of the index finger has become encroached on by the representations of the adjacent fingers and has become intrinsically reorganized so that the region formerly devoted to distal skin has now become occupied by an enlarged representation of the stump. Modified from Manger et al (1996b) .
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bination of nerves sectioned and the extent of cutaneous denervation (see Merzenich et al 1983a Merzenich et al ,b, 1984 Cusick et al 1990; Garraghty et al 1994; Kolarik et al 1994) , and there are inconsistencies in reports of the extent to which a silenced area of the cortical representation can be invaded by that of a region with intact innervation. In studies in which use-dependent expansions of cortical maps have occurred in the absence of deafferentation, it has been assumed that the mechanisms that permit expansion of a persistently activated representation at the expense of a neighboring representation are the same as those that lead to expansion of an active representation into its neighbor deprived of sensory input. Although this is likely to be true, most work on which explanations of the plasticity phenomenon depend has been conducted on cortex that was deprived of input in some manner. For the limited expansions of representations that occur immediately following deprivation of sensory input, an obvious cellular basis has been revealed in the emergence of new peripheral receptive fields of individual neurons (Calford & Tweedale 1990 . For more extensive expansions and for reorganization of the cortex continuing over many months or years, definitive mechanisms are lacking, although a number of theories have been proposed (see below).
The most extensive reorganization of the cortex was reported in monkeys in which the dorsal roots of the spinal cord from the second cervical (C2) to the fourth thoracic (T4) segments had been cut for approximately 12 years, effectively deafferenting the whole upper limb and the upper part of the trunk (Pons et al 1991) . In these cases, the representation of the face in the contralateral postcentral gyrus had expanded for a distance of 15-20 mm into the adjacent part of the gyrus in which the contralateral upper limb would normally have been represented. Similar effects have now been reported in monkeys many months after lesions of the spinal dorsal columns (Jain et al 1997) and after long-term amputation of a hand (Florence & Kaas 1995) . In the cases of Pons et al (1991) and of Florence & Kaas (1995) , it was assumed, a priori, that the hand representation had been initially silenced and then invaded by the representation of the face. This was confirmed by Jain et al (1997) , who showed that complete unilateral transection of the dorsal columns at the C3/C4 level, which severs all largerdiameter afferent inputs from the upper limb and from lower levels of the body, renders the upper limb representation in the contralateral postcentral gyrus completely silent for a period of many weeks. After 6 months or more, however, the silenced representation becomes responsive to stimulation of the face, and the representation of the face expands into the silenced representation, as found after dorsal rhizotomies. The extent of these reorganizations exceeded by far what was originally proposed as a cortical "distance limit," in which the extent of change in the cortex was constrained by the extent of arborization of existing thalamocortical connections (Merzenich et al 1984) , and demanded other explanations. The cortical distance limit was thought to be of the order of 1-1.5 mm, representing both the maximal extent of expansions of representations occurring immediately after peripheral nerve cuts and the maximal extent of arborization of individual thalamocortical axons. Of the explanations that have been proposed to account for more extensive expansions, such as those occurring after large-scale dorsal rhizotomies or amputations, none have won universal acceptance, although most investigators appear to regard intracortical mechanisms as preeminent. In recent contributions to the theoretical basis of cortical plasticity, the predominant point of view is also one that demands the engagement or recruitment of an active new process rather than the functional expression of a preexisting but hitherto unrevealed underlying organization. These are not, however, mutually exclusive.
The principal cortical mechanism that has been invoked to explain intermediate and long-term reorganization of somatosensory cortical maps involves uncovering or enhancing previously silent or underrepresented synapses of divergent preexisting connections (see Buonomano & Merzenich 1998) , with or without sprouting of new connections (Darian-Smith & Gilbert 1994 , Florence et al 1998 . Activity-dependent up-or down-regulation of neurotransmitters and their receptors has been proposed as a component of the intracortical response (Jones 1993) . Although evidence exists for underlying patterns of organization and for activitydependent reorganization of ascending somatosensory pathways and their relays in the brainstem and thalamus that could potentially contribute to representational changes in the cerebral cortex, changes in subcortical centers have not received the same degree of attention as have cortical changes. In some cases, involvement of the brain stem or thalamus has been explicitly denied, usually without supporting documentation.
Ascending contributions that could influence cortical map plasticity include preexisting divergence of the lemniscal and thalamocortical somatosensory projections whose more divergent synapses have been hitherto silent, as well as a reorganization of the thalamus and/or dorsal column nuclei, which is then projected upward to the somatosensory cortex. This article reviews the documentation relevant to each of the current explanations, with an emphasis on new data that raise the likelihood of many or all longer-term activity-dependent map changes in the somatosensory cortex being secondary to deafferentation changes at lower levels. It deals less with the possible synaptic mechanisms that should serve to induce and stabilize these changes in map topography, because many of these mechanisms have recently been outlined by Buonomano & Merzenich (1998) .
ROLE OF THE DORSAL COLUMNS AND DORSAL COLUMN NUCLEI
Early and more recent reports indicate that topographic map reorganization can occur in the dorsal column nuclei in response to perturbations of sensory input. After partial deafferentation or temporary blocking of peripheral inputs to the gracile or cuneate nuclei, deafferented cells can immediately acquire larger or new (Pettit & Schwark 1993 ) peripheral receptive fields, and over time, even silenced cells can become activated by inputs from regions of the body adjoining those denervated (Dostrovsky et al 1976 , Kalaska & Pomeranz 1982 . These studies were conducted at the single-unit level, and the number of neurons reported on was small. The implication, that alterations in receptive fields of single neurons should mean that the body map in the dorsal column nuclei had become reorganized in a manner akin to that seen in the somatosensory cortex, was either lost, explicitly denied (McMahon & Wall 1983 , Waite 1984 , or considered to be a feature restricted to the developing brain (Kalaska & Pomeranz 1982) . The idea that an expansion of a representational map in the dorsal column nuclei could be projected upward via the medial lemniscus, amplified in the thalamus, and then further amplified in the thalamic projection to the cortex, although sometimes invoked (Pons et al 1991) , has met with remarkable resistance as a basis for cortical map plasticity. Recent studies have forced a reevaluation of this, for it is inconceivable that demonstrable changes in receptive field properties of neurons at lower levels in the somatosensory pathways after interference with peripheral inputs should not be reflected in their targets.
In one recent study in which large-scale changes were found in the somatosensory cortex of monkeys after unilateral dorsal column transection, Jain et al (1997) suggested that the fundamental mechanism underlying extensive, longterm reorganization of body maps in the somatosensory cortex was a reorganization of the dorsal column nuclei, a reorganization that was then projected upward to the cortex. In this case, however, the thalamus was presumed to serve merely as a passive relay. The experiments of Jain et al involved an expansion of the cortical representation of the face into that of the hand, and the low-threshold inputs, which are invariably the only inputs recorded in this type of study, enter the brain via the principal trigeminal nucleus, not via the dorsal column nuclei. Therefore, in considering the possible nature of any reorganization in the dorsal column nuclei, they suggested that sprouting of trigeminal afferents into the cuneate nucleus, so that the denervated upper limb cells of the cuneate nucleus would receive inputs from the face, could account for the expansion of the face representation in the cortex. Direct electrophysiological evidence for reorganization of the dorsal column nuclei that would support new innervation by trigeminal afferents is lacking, and anatomical studies do not support extensive brainstem sprouting that would explain expansions of the cortical face representation. To account for the findings of Jain et al on the basis of sprouting would necessitate that in order to reach the deafferented cuneate nucleus, sprouts of large-diameter afferents of the trigeminal nerve (which terminate in the pons) would have to travel over many millimeters-a distance greater than any previously demonstrated in the central nervous system. Sprouting from the spinal trigeminal nucleus or spinal tract of the trigeminal nerve, if it should occur, would have a far shorter distance to reach the cuneate nucleus. However, the inputs to and the organization of the spinal nucleus are more comparable to those of the dorsal horn of the spinal cord, which are revealed by the experiments of Jain et al (1997) to have no role in maintaining activity of the somatosensory cortex after lesions of the dorsal columns.
Some degree of sprouting or more extensive terminations of primary afferents has been demonstrated in the spinal cord of monkeys and rats after peripheral nerve regeneration following crush or section (Brushart et al 1981 , Florence et al 1993 , Florence & Kaas 1995 , Woolf et al 1995 , and in the dorsal column nuclei, the terminations of central axons of dorsal root ganglion cells whose peripheral axons have regenerated can be more extensive , possibly because the regenerated peripheral branches have innervated a more extensive skin territory than they had before the cut. Sprouting of intact afferents after partial denervation of the cuneate nucleus was also reported in rats (Sengelaub et al 1997) but not in raccoons (Rasmusson 1988) .
Experiments demonstrating plasticity of receptive fields of single cells in the dorsal column nuclei referred to above involved expansions of representations already contained within the nuclei, not invasion of the upper limb representation by the trigeminal system. In seeking to provide a basis for them, it is necessary to consider the extent of divergence of connections in the ascending somatosensory pathways.
DIVERGENCE IN ASCENDING SOMATOSENSORY PROJECTIONS
Extensive reorganization of a body map in somatosensory cortex, if dependent on projections from below, could be produced by relatively small expansions and contractions of parts of the representation in the brainstem and thalamus, because the maps are much smaller in these relays than in the cortex. Hence, a small change in the brainstem representation resulting from modification of inputs from primary afferents to the dorsal column nuclei would be magnified by divergence of dorsal column projections to the thalamus, and magnified further by divergence in the thalamocortical projection. Both of these have been suggested as at least a partial mechanism for somatosensory map plasticity, including the massive expansions of the face representation in monkeys whose upper limbs had been deafferented for protracted periods of time (Pons et al 1991 , Rausell & Jones 1995 , Rausell et al 1998 .
The Brainstem
The extent of divergence in the projections of dorsal column primary afferents to the cuneate and gracile nuclei, or of the cells of these nuclei to the thalamus, is considerable. Although individual dorsal column and medial lemniscal afferents do not branch widely and have limited domains of terminations, the input to these centers from a single body part arrives not in single fibers but in a group of many fibers. These collectively terminate on a very large number of dorsal column nuclear or thalamic cells which, therefore, come to represent that body part. In the dorsal column nuclei, the group of primary afferent fibers from a body part such as a finger terminate in an elongated, column-like array throughout most of the anteroposterior length of the pars rotunda of the nucleus (Nyberg & Blomqvist 1982; Florence et al 1988 Florence et al , 1989 Rasmusson 1988; Culberson & Brushart 1989) . Estimates from published papers suggest a thickness of ϳ0.2 mm and a length of ϳ3 mm for these arrays in monkeys. In cats, Weinberg et al (1990) found that single primary afferent fibers from skin and muscle terminated in the cuneate nucleus in foci averaging 480 lm in rostro-caudal length and 0.042 mm 2 in crosssectional extent. This should encompass approximately 1700 neurons (Heino and Westman 1991) . At any position in the pars rotunda, branches of approximately 300 cutaneous afferents overlapped, a degree of convergence definitely not anticipated from single-unit recordings. The number of cells contained within this array and potentially or actually receiving input from a single body part is, therefore, large. It is probable that the immediate expansions of the receptive fields of cuneate or gracile nucleus cells after partial deafferentation (see above) are indicative of divergent connections of this kind, many of which are normally silent. A corollary of this convergence and divergence of primary afferents on to cells in the dorsal column nuclei is that small divergences of the individual axons of dorsal column nuclei cells, in projecting to the thalamus, will be magnified in the projection of the group as a whole, thus serving to amplify at higher levels any activity-dependent alterations of the body map occurring in the dorsal column nuclei.
The Thalamus
In the ventral posterior nucleus (VP), the principal somatosensory relay nucleus of the thalamus, the lemniscal fibers terminate in relatively localized zones, with the terminals of a single fiber ending in relation to 120-200 neurons in monkeys (Jones 1983) . However, the arrangement of terminating lemniscal fibers ensures that a single body part, such as a finger, is represented in an anteroposterior lamella receiving hundreds of lemniscal fibers and containing many hundreds of cells. In macaque monkeys, a lamella of this kind extends dorsoventrally for ϳ3 mm and anteroposteriorly for 3-3.5 mm and is ϳ0.1 mm thick , Rausell et al 1998 . The axons of most cells in this lamella project to a cortical territory no greater than about 600-800 lm in surface extent (Garraghty & Sur 1990 , Rausell & Jones 1995 . A few axons with multiple terminations collectively extended over 2.5-3 mm have been described but seem to be in the minority (Garraghty & Sur 1990 . Adjacent thalamic cells can project to patches of cortex up to 1.5 mm distant from one another. This distance of 1.5 mm has commonly been interpreted as providing a basis for the "cortical distance limit" in short-term plasticity, i.e. the extent to which a body part representation will expand or contract in the short term in response to cutting of a peripheral nerve or some other peripheral manipulation (Merzenich et al 1984) . The divergence in the cortical projection of a whole, ϳ3 x 3 x 0.1 mm, lamella of thalamic cells representing a single body part, however, is much greater than this: Cells at the anterior and posterior ends of the lamella, and representing the same body part, can project to points many millimeters apart in the cortex. There is a linear relationship between a volume of thalamus and the cortical area to which it projects: A region 0.1 mm 3 in extent in VP can project to an area of cortex as much as 20 mm 2 in surface extent (Rausell et al 1998) (Figure 2 ). Although the major zone of concentrated cortical terminations is somewhat less than this, the projection of a group of VP cells in a lamella measuring 3 x 3 x 0.1 mm and representing, for example, a finger is still much greater than the representation of the finger as revealed by multiunit mapping in the cortex. In macaque monkeys, the normal extent of a single finger representation in area 3b of the somatosensory cortex is about 10-12 mm 2 (Pons et al 1987 , Manger et al 1996b . The divergence and overlap in the projections from adjacent lamellae in VP representing adjacent body parts is two or three times greater than this. Somatotopically inappropriate connections dependent on this divergence have not yet been demonstrated physiologically in monkeys, but in cats Snow et al (1988) demonstrated that single thalamocortical neurons can have branched projections to somatotopically appropriate and inappropriate areas of the somatosensory cortex, and Waldron et al (1989) demonstrated that VP cells projecting to one site in the somatosensory cortex can receive inputs from topographically disparate peripheral nerves. In raccoons, approximately 20% of the cortical cells in which excitatory postsynaptic potentials (EPSPs) can be evoked by stimulation of a single digit also display EPSPs in response to stimulation of adjacent digits (Smits et al 1991 , Zarzecki et al 1993 . So great is the thalamocortical divergence in monkeys that upward of 35% of the VPL nucleus, including a substantial part of the representation of a single digit, can be destroyed before the representation of that digit in area 3b starts to shrink and that of adjacent digits expands (Figure 3 ). Much more must be removed before the cortical representation becomes silent. It is likely that this kind of divergence is responsible for the reorganization of cortical maps that exceeds the short-term 1.5-mm "distance limit." For example, in one study in which the whole palmar surface of the hand of a squirrel monkey was denervated by section of the median and ulnar nerves, the representation of the dorsal surface, innervated by the radial nerve, expanded to fill the whole former representation of the palm, a distance of nearly 4 mm in these monkeys (Garraghty & Kaas 1991a) . This expansion appears to be determined by the existence of divergent thalamocortical projections bearing latent information from the radial nerve into the ulnar and median nerve representations (Schroeder et al 1997 , Churchill et al 1998 and is a manifestation of the high degree of thalamocortical divergence. The capacity of the radial nerve to occupy the full extent of the silenced ulnar and median nerve hand territories, in the short term, is more limited than occurs after moderate periods of deprivation (Kolarik et al 1994) , so that unmasking of the widest extent of the divergence may demand engagement of cortical mechanisms as well. Divergence may also play a role in determining that the representation of a body part first denervated and then reinnervated after repair of a cut peripheral nerve, although restored in the cortex, can lose its former internal topography, which then appears jumbled in physiological recordings (Wall et al 1986) , although with time it may be restored. The capacity for restoration of an internal topography after nerve repair appears to be greater in infant animals, and even in adults it can also be determined by the combination of nerves sectioned (Garraghty & Kaas 1991b; Wall et al 1983 Wall et al , 1992 Garraghty et al 1994) .
Suppressing inputs that diverge beyond the domain of the normal cortical representation of a body part and that overlap into adjacent body part representations demands the existence of cortical mechanisms for the focusing of input and for suppression of divergence in order for the typical, electrophysiologically generated somatosensory maps to be revealed. These mechanisms include the interplay of excitation and inhibition within the cortex and between the cortex and thalamus (see below). The important point is that the collective divergence of the many thalamocortical relay cells representing a body part is enormous and likely to play a major role in promoting expansions of a cortical map when inputs to adjacent parts are silenced. The effects of thalamocortical divergence in this regard must be magnified by any similar divergence earlier in the system, such as in the projections of the dorsal column nuclei to the thalamus and from the primary afferents to the dorsal column nuclei themselves. Pons et al (1991) first raised this possibility in considering mechanisms likely to account for the largescale expansion of the face representation into that of the hand in long-term deafferented monkeys. In this context, it is significant that in an experiment comparable to that on the reduction of thalamocortical projections mentioned above , Jain et al (1997) found that survival of only a few primary afferent fibers after section of the dorsal columns is sufficient to cause retention of at least part of the map of the upper limb in the somatosensory cortex, a map that is completely silenced if all the fibers are cut. At the single-cell level, in the VP thalamus of rats, Alloway & Aaron (1996) found that microlesions of the cuneate nucleus failed to cause alterations in responsiveness of more than half the neurons recorded in somatotopically coupled parts of the VP nucleus, which also suggests that remaining inputs to the cells are capable of maintaining receptive field integrity and neuronal responsivity. Other cells showed enhanced responses at receptive field boundaries, presumably indicative of the uncovering of latent inputs.
LIMITS ON DIVERGENCE-DEPENDENT PLASTICITY
Although a magnification principle based on divergence at each step in the ascending chain of somatosensory projections may underlie many examples of cortical map plasticity that exceed the short-term distance limit, it is clear that this principle, too, has limits. After destruction of more than 45% of the VP nucleus, the cortical map cannot be activated . Similarly, survival of a few dorsal column afferents will not support a full cortical map of the upper limb, and large parts become silent, at least for many weeks (Jain et al 1997) . Moreover, even after relatively long-term amputations of multiple digits, islands of silent cortex can remain in the midst of a region into which representations of adjacent body parts have expanded. This point becomes cogent when we consider that such large-scale denervations as deafferentation or amputation of a whole limb or complete section of the dorsal columns result, if the survival continues for many months or years, in much more extensive reorganization of the somatosensory cortical map. Anticipated silent areas are now activated by stimulation of body parts that remain innervated, and the representations of the parts that retain innervation expand over far greater distances than seen with shortterm and less-massive deafferentations. Recent studies on the thalamus of monkeys subjected to long-term deafferentation following dorsal rhizotomies (see below) shed light on the mechanisms underlying these phenomena.
REORGANIZATION IN THE THALAMUS Experimental Observations
There is a considerable body of older data that suggests that the somatosensory thalamus is not immune to representational plasticity. In one of the first studies, on the VP nucleus of rats, expansion of the forelimb representation into the silenced hindlimb representation was reported 1 week or more after destruction of the gracile nucleus (Wall & Egger 1971) . Similar expansions of the upper limb representation into that of the lower limb were reported in monkeys after dorsal rhizotomies or section of the gracile fasciculus (Lombard et al 1979 , Pollin & Albe-Fessard 1979 . By contrast, work in the visual system has suggested that the part of the lateral geniculate nucleus deafferented as the result of a retinal lesion is silent (Gilbert & Wiesel 1992) and that receptive fields of adjacent neurons do not expand (Eysel et al 1981) . This has placed the emphasis in that system on intracortical rather than thalamic changes as providing the basis for reorganization of retinotopic maps in the visual cortex (Das & Gilbert 1995 , Gilbert 1998 ). However, lesions of primary somatosensory afferents, unlike lesions of the retina, do not directly denervate the thalamus because the synaptic relay in the dorsal column nuclei is preserved. The effect on the thalamus after somatosensory deafferentations is, therefore, far less acute. This may be a key to understanding differences in plasticity of the two systems.
A number of peripheral deafferentation-dependent expansions of receptive fields of individual cells or of the representations of whole body regions have been described in the somatosensory thalamus of rats, monkeys, and humans. In monkeys, , using typical multiunit recording techniques, briefly reported expansion of the hand representation in a monkey in which the median nerve had been cut. In humans with spinal cord transections or limb amputations, the ventral posterior lateral (VPL) nucleus shows increased numbers of cells representing body regions adjacent to the anesthetic area of skin or representing the stump of the amputated limb (Lenz et al 1994 (Lenz et al , 1998 . In rats after lesions of the gracile nucleus, multiunit recording revealed an acute expansion of the forelimb representation that continued to expand over the ensuing month, with a further reorganization such that the representation of the shoulder came to dominate the expanded representation (Parker et al 1998) . Fadiga et al (1978) reported similar acute observations after reversible blockade of the dorsal column nuclei. In rats subjected to forelimb amputation in infancy, there is an expanded representation of the remaining stump in the thalamus and cortex, the cortical expansion apparently depending on thalamocortical inputs (Stojic et al 1998) . In raccoons, 2-5 months after amputation of a digit, Rasmusson (1996) found that the original digit representation in VP was not silent but was occupied by neurons with receptive fields on the stump or on one or other of the adjacent digits. Injection of local anesthetic into the receptive fields of VP neurons in rats leads to immediate emergence of new receptive fields, akin to those reported by Pettit & Schwark (1993) in the dorsal column nuclei (Nakahama et al 1966 , Nicolelis et al 1993 , Shin et al 1995 . All these reports indicate the presence of the same kinds of immediate and longer-term plastic phenomena occurring at both the broad topographic and finer cellular levels that are found in the somatosensory cortex after identical manipulations of sensory input.
Transneuronal Atrophy in Brainstem and Thalamus After Long-Term Cortical Deafferentation
Until recently, no one had examined the thalamus of animals in which map plasticity had been demonstrated in the somatosensory cortex. The somatosensory thalamus has recently been examined histologically and physiologically in macaque monkeys from the same group in which massive expansions of the cortical face representation occurred after 12 or more years of upper limb deafferentation (Pons et al 1991) . One had been deafferented for nearly 20 years. In all cases, the thalamus showed extensive reorganization of the body map, but a hitherto unrecognized component of the long-term central response to peripheral denervation was also revealed, namely the presence of severe transneuronal atrophy of the deafferented cuneate nucleus and of its thalamic target, the VPL nucleus (Jones & Pons 1998a ). There were also changes in VPL and adjacent nuclei indicative of activity-dependent alterations in the excitatory and inhibitory neurotransmitter systems in the thalamus and also affecting nuclei that form part of the central pain pathway (Rausell et al 1992b) .
In all the monkeys, the cuneate fasciculus of the spinal cord, which normally contains the axons of dorsal root ganglion cells innervating the upper limb, had virtually disappeared as the result of degeneration of the central axons of the C2-T4 dorsal root ganglion cells. This was associated with a 30-45% shrinkage by volume of the cuneate nucleus in which these axons normally synapse, resulting from primary transneuronal atrophy of the deafferented cells. Transneuronal degeneration occurring subsequent to deafferentation is a longrecognized phenomenon in certain parts of the central nervous system (Cowan 1970) . The classic example of primary transneuronal degeneration is in the visual system, where the cells of the affected layers of the lateral geniculate nucleus of the thalamus undergo severe atrophy following removal of an eye (Cook et al 1951 , Matthews et al 1966 . In monkeys, the cells start to shrink after 7 days and by 1 year are 50% of their normal size (Matthews 1964) . Death of the cells, however, only occurs after many years (Goldby 1957 , Kupfer 1965 . The term transneuronal atrophy probably captures better than the more customary transneuronal degeneration the exceedingly slow nature of the process. In the only comparable study in the somatosensory system, Loewy (1973) , working on the brains of humans and monkeys following dorsal column or spinal transections, reported shrinkage of the gracile nucleus similar to that observed in the cuneate nucleus of monkeys with deafferented upper limbs, with a 25% reduction in the sizes of its cells, but no cell loss even after 22 years. Destruction of trigeminal ganglion cells also results in primary transneuronal changes in the principal and spinal trigeminal nuclei (Penman & Smith 1950) .
In the monkeys studied after long-term deafferentation of the upper limb and upper trunk, infiltration of the shrunken cuneate nucleus by neuroglial cells indicated the presence of an active degenerative process, but in confirmation of the early study of Loewy, there was remarkably little loss of neurons (Jones & Pons 1998a,b; Woods et al 1998) . Counts indicated survival of 85-95% of the neurons in the cuneate nucleus even 20 years postlesion . However, all neurons, especially those in the pars rotunda of the nucleus, were shrunken by 12-29% after 12 years and by 45% after 20 years, in comparison with the neurons of the opposite side. Packing density of the cells was increased due to the loss of neuropil that had resulted from death of the afferent axons, the latter probably accounting for the gliosis. The external cuneate nucleus, which also receives primary afferents from the upper limb but projects to the cerebellum, also showed gliosis and evidence of progressive neuronal atrophy, but no more than a 5-10% loss of neurons.
The cells in the cuneate nucleus normally send their axons to the part of the contralateral VP thalamic nucleus representing the upper limb and upper part of the trunk, and in this there were changes indicative of secondary transneuronal atrophy. Normally, VP in monkeys consists of four sharply defined subnuclei (Figure 4 ): The ventral posterior medial (VPM) nucleus contains the representation of the face and intraoral structures that are innervated by the trigeminal nerve; the VPL nucleus contains the representation of the remainder of the contralateral body surface, which is innervated by the spinal nerves; two subsidiary nuclei, the basal ventral medial nucleus and ventral posterior inferior nucleus, receive inputs from nonlemniscal spinal and visceral pathways and mainly project to areas out- side the primary somatosensory cortex (Jones 1985) . VPM and VPL are normally separated by a prominent lamella of white matter, the arcuate lamella. In VPM, the representations of the contralateral halves of the lips, the contralateral cheek pouch, and the contralateral side of the tongue are represented adjacent to the arcuate lamella, separated by the lamella from the part of VPL in which the contralateral upper limb is represented. The contralateral trunk, lower limb, and tail are represented progressively more laterally in VPL (Mountcastle & Henneman 1952 , Poggio & Mountcastle 1963 , Rausell & Jones 1991 . Secondary transneuronal atrophy occurring in VPL contralateral to a cuneate nucleus deafferented by dorsal rhizotomies was characterized by a 30-40% shrinkage of the upper limb and upper trunk representations (Figure 4) . This was associated with severe deformation of the whole VP complex and was worse in the animal deafferented for the longest time (20 years), indicating a progressive process. Much of the arcuate lamella had disappeared, undoubtedly due to with-drawal from it of axons of atrophic cuneate nucleus cells. This was in turn associated with disruption of the VPM nucleus whose innervation, coming from the trigeminal nucleus, was presumably intact. The cells formerly belonging to the posterior half or more of VPM had collapsed into the shrunken upper limb representation in VPL, the disruption being most severe in the monkey deafferented for 20 years. Many neurons in the disorganized part of VP, presumably those originally belonging to VPM on one side and to the lower trunk and hindlimb part of VPL on the other, retained the normal characteristics of VP cells. That is, they were large and deeply staining. Others, presumably belonging to the deprived upper limb representation, were visibly shrunken, indicative of secondary transneuronal atrophy, hitherto never described in the somatosensory system, but actual cell loss was minimal, even after 20 years survival (Jones & Pons 1998b) . The region of the thalamus posteromedial to the shrunken VP was filled with small cells identified by dense immunostaining for the calcium binding protein, calbindin, and weak histochemical staining for the metabolic enzyme, cytochrome oxidase, expanding forward from the posterior thalamic nucleus (Rausell et al 1992b) . This whole posterior region of calbindin immunoreactive cells contains the densest concentrations of spinothalamic and spinal trigeminal axon terminations (Rausell et al 1992a) , and neurosurgical experience in humans indicates that it is part of the thalamus uniquely concerned with central pain transmission (Hassler & Riechert 1959 , Halliday & Logue 1972 , Lenz et al 1993 . In the affected part of VPL, in deafferented monkeys there was reduced immunostaining for GABA A receptors and enhanced immunostaining for calbindin (Rausell et al 1992b) . Expression of these proteins usually follows nervous activity so the alterations suggest disturbance of the normal pattern of innervation in the disorganized thalamic region. This in turn could potentially lead to abnormal and painful sensations being referred to the denervated region. These are the kinds of sensations commonly experienced by amputees and patients with spinal lesions. The monkeys, in fact, displayed behaviors that suggested abnormal sensations were being referred to the deafferented limb (Jones & Pons 1998a ).
Physiological Changes in the Atrophic Thalamus
When the disorganized VP nucleus was mapped, using microelectrodes traversing the nucleus along posterior-to-anterior horizontal tracks, relay neurons identified in the parts of the nucleus medial or lateral to the disorganized region had normal receptive fields on the face or lower part of the trunk, respectively (and, more laterally, on the lower limb or tail). Neurons in the disorganized region were not silent, and response thresholds to peripheral stimulation were not elevated. However, within this region, adjacent neurons were often found with receptive fields on the face and lower trunk-a phenomenon never encountered in normal monkeys. The majority of the neurons recorded through the altered region, however, had receptive fields on the skin of the lower part of the contralateral face, particularly that covering the outer and under surfaces of the lower jaw (Figure 4 ). This part of the representation, which is normally very small, was therefore greatly expanded. The relevant skin region is normally innervated by afferents contained in overlapping branches of the mandibular division of the trigeminal nerve (intact in this case) and of the second cervical nerve (severed in this case) (Sherrington 1939) . Its representation in both VP and the postcentral gyrus is normally small, and in the cortex it separates the representation of the hand from that of the rest of the face Rausell & Jones 1991; Manger et al 1995 Manger et al , 1996a Manger et al , 1997 . It is highly significant that it was this lower part of the face representation that had expanded into the silenced upper limb representation of the postcentral gyrus in these same monkeys (Pons et al 1991) . The large extent of the expansion of the normally small representation of the lower face in both the thalamus and cortex implies that considerable reorganization of connections is occurring in the transneuronally affected thalamus and that these changes are relayed to the cortex.
Recognition of the presence of transneuronal atrophy as part of the central response to long-standing lesions of ascending afferent pathways introduces a hitherto unsuspected contributing mechanism in central nervous system plasticity. Transneuronal atrophy of the type found in the upper limb representation of VP, undoubtedly secondary to loss of inputs resulting from primary transneuronal atrophy of deafferented cuneate nucleus cells, in other systems is normally progressive and occurs slowly over many years (Cowan 1970) . We envisage in the cases just described that the axons of slowly atrophying cells in the cuneate nucleus slowly die or are withdrawn from the upper limb representation of VP. The loss of this innervation leads to an even slower atrophy of many cells in the upper limb representation of VPL. The axons of atrophying VPL cells may, in turn, withdraw from their normal cortical territory ( Figure 5 ). Activity-dependent retraction of axon branches is a feature of the normal development of innervation of the lateral geniculate nucleus and visual cortex (Antonini & Stryker 1993 , Sretavan & Shatz 1986 , and adult neurons undergoing transneuronal atrophy show reduced branching of processes (Powell 1967) . Hence, in both the thalamus and cortex, withdrawal of axons or retraction of their terminal fields is likely to permit the normally divergent thalamocortical innervation from the thalamic face and lower trunk representations to manifest itself. Within the disorganized thalamus, the breakdown of the arcuate lamella progressively brings VPM and VPL cells normally innervated by inputs from the face or lower trunk, and thus the representations of these regions, into close proximity. Previously silent inputs from the lower face region to cells whose dominant inputs from the upper limb have been silenced should also be uncovered, although if the cells are atrophying, these inputs may not be manifest in the cortex. Other phenomena may also be occurring that would serve to enhance expansion of the face and lower trunk inputs into the silenced upper limb representation in the somatosensory cortex. Potentially, there may be sprouting of intact mandibular nerve inputs to deafferented upper limb cells in VP, which might serve to maintain them; their axons terminating in the cortex would then be expected to express the mandibular inputs. The slow atrophy of afferent axons to VP is unlikely to be a passive process and is probably accompanied by release of numerous trophic signals that could promote reorganization. Indeed, it may be this slow, progressive but inexorable shrinkage of neurons that is the chief stimulus to reorganization under conditions of long-term deafferentation. In recent accounts of map expansions in the somatosensory thalamus, it has been assumed that the deprived part of the representation is static and merely occupied by expansions of adjacent representations, possibly by uncovering of latent synaptic connections. This is undoubtedly still part of the process but in the longer term complicated by neuronal atrophy. In the somatosensory thalami of humans who had suffered spinal transections at various levels for 5 years or more, Lenz et al (1994) described the presence of neurons with expanded receptive fields abutting the region of cutaneous anesthesia, an expanded representation of the juxta-anesthetic region, as well as large areas in which neurons were unresponsive to stimuli. The findings in the chronically deafferented monkeys are undoubtedly in line with these observations, although no silent areas were found in VP proper in the monkeys. The slow nature of the transneuronal changes indicate the presence of an active process likely to be continuing over many years, thus serving to make the associated reorganization of the sensory cortex also a progressive phenomenon dependent on the slow degenerative changes occurring in both the cuneate and VP nuclei.
Death or withdrawal of the axons of cuneate cells from the thalamus is likely to be a major stimulus to the accompanying reorganization of the thalamic trigeminal representation. If we couple this reorganization with the normal extensive divergence existing in the ascending and thalamocortical projections described earlier, the two together may be sufficient to account for the massive expansion of the lower face representation into that of the upper limb in cases of large-scale peripheral deafferentations with long survivals. The evidence that the upper limb representation in the somatosensory cortex is initially silent after dorsal column transections but later becomes active (Jain et al 1997) is likely to reflect the slow, progressive nature of primary and secondary transneuronal degeneration. These, by their nature, are likely to promote changes at the synaptic level that would contribute to the acquisition of new connections by adjacent intact cells, as proposed above. One important question that follows is whether the upper limb representation in area 3b of the somatosensory cortex (the area that receives the densest thalamic input from VPL), and into which the face representation expands after long-term limb deafferentation, is affected by tertiary transneuronal atrophy. This would presumably lead to its shrinkage. Shrinkage of the upper limb representation would result in approximation of the face representation to that of the lower trunk representation, enhancing the appearance of the former expanding toward the latter for purely mechanical reasons. Loss of cells, shrinkage of layers, and patchy disorganization of the cortex in the anterior wall of the postcentral gyrus (area 3b) were described many years ago by Campbell (1905) in longstanding cases of tabes dorsalis in which death of dorsal root ganglion cells results in loss of axons from the dorsal columns of the spinal cord akin to that produced by dorsal rhizotomies or transections of the dorsal columns in monkeys. Furthermore, in humans, optic atrophy or loss of an eye will after many years lead to transneuronal degeneration not only of the relevant layers of the lateral geniculate nucleus, but also to reduced areal extent of the visual cortex and thinning of its layers (Bolton 1900) . The possibility of physical shrinkage of silenced parts of a cortical representation in cases of long-standing, large-scale deafferentation should, therefore, be taken seriously.
DIFFERENCES BETWEEN CENTRAL AND PERIPHERAL DEAFFERENTATION
Disconnection of part of the cortical somatosensory representation from its sources of sensory input by section of the dorsal roots of the spinal cord or by section of the dorsal columns themselves is clearly different from section of peripheral nerves, either directly or by amputation of a limb. The latter severs the peripheral axons of dorsal root ganglion cells, which, unlike the central axons, commonly do not die when cut and are capable of regeneration. Preservation of the parent dorsal root ganglion cells ensures that their central axons in the dorsal columns remain intact. Some 70-80% of dorsal root ganglion cells normally survive section of a peripheral nerve unless it occurs close to the ganglion and therefore deprives the cells of a substantial part of their axons (Sunderland 1978 , Risling et al 1983 , Devor et al 1985 , Arvidsson et al 1986 , Himes & Tessler 1989 . Ganglion cells can also survive loss of their normal peripheral targets in skin and muscle, as occurs in an amputation, by making connections with adjacent regions. This may be accompanied by sprouting of their central axons (see above). Wall et al (1988) , in examining the relationship between the degree of dorsal root ganglion cell loss and cortical plasticity in adult rats, found that the reorganization of the cortical representation of hindpaw skin occurring 6-101 days after section of the sciatic nerve, presumably with a modest degree of cell loss in the L4 and L5 ganglia, was identical to that found after killing large numbers of cells in the same ganglia with a retrogradely transported neurotoxin. This suggests that in adult animals, peripheral nerve section and rhizotomy should have similar effects on the sensory cortex, at least in the short and intermediate term. Large-scale peripheral deafferentations, e.g. by cutting all the nerves to a limb, will generally be accompanied by considerable ganglion cells loss. Under these circumstances, in cats Avendaño & Dykes (1996) described transneuronal atrophy without cell loss, commencing in the cuneate nucleus within 4-5 weeks and becoming marked after 20-36 weeks.
The degree to which the longer-term central effects of amputation or peripheral nerve section resemble those of dorsal rhizotomies should, therefore, depend on the extent to which dorsal root ganglion cells that survive loss of their peripheral axons can support a central representation along the lines revealed by the experiments of Jain et al (1997) , in which preservation of small numbers of dorsal column fibers preserved a representation in the cortex. In the absence of substantial cell loss in the ganglia, it is unlikely that significant transneuronal degeneration will occur in the dorsal column nuclei or thalamus. Under these circumstances, the pattern of cortical and thalamic plasticity is likely to be different and much less severe than after central lesions; this has generally proven to be the case. Even section of multiple peripheral nerves does not promote such large-scale reorganization of cortex as rhizotomies or spinal lesions.
Amputations, especially those of a whole limb or a substantial part of it, are more likely to resemble central deafferentations because, in the absence of peripheral targets, many more dorsal root ganglion cells will actually be subject to retrograde degeneration, leading to secondary loss of their central axons and transneuronal effects similar or identical to those occurring after dorsal rhizotomies or dorsal column section. It is significant, therefore, that amputation of a hand can lead to reorganization in the cortex of a scale comparable to that seen after denervation by rhizotomies (Florence & Kaas 1995) . Amputations are often com-plicated by the presence of neuromas on the severed stumps of peripheral nerves. These abortive attempts at regeneration on the part of the peripheral axons of the dorsal root ganglion cells may serve to protect the cells from degeneration and are likely to contribute to variability in patterns of central reorganization. They are thought to be major factors in the variability of the sensations associated with the phantom limb phenomenon.
Recent studies in rats by Coggeshall et al (1997) cast new light on the responses of dorsal root ganglion cells to loss of their peripheral axons. In these studies, section of the sciatic nerve was without immediate effect on the number of axons in the L4 and L5 dorsal roots, which suggests that there is no immediate loss of ganglion cells. After 16 weeks, however, there was a selective Ͼ50% loss of unmyelinated fibers, independent of whether peripheral nerve regeneration was permitted. Myelinated fibers, whose peripheral branches supply low threshold mechanoreceptors, remained unaffected. This is of great interest in view of the observations of Calford & Tweedale (1991a-c) in monkeys and frugivorous bats, to the effect that silencing of unmyelinated fibers at the periphery by application of the selective C fiber toxin, capsaicin, or local anesthesia has a most profound and immediate influence on emergence of new receptive fields in the sensory cortex, an effect thought to be due to release of central inhibitory mechanisms from tonic C fiber activation. Selective loss of C fiber inputs after amputation or nerve section may, therefore, permit divergence of the preserved low-threshold mechanoreceptive inputs to express itself in brainstem, thalamus, and cortex.
POTENTIAL CORTICAL MECHANISMS OF MAP PLASTICITY
Brainstem and thalamic reorganization in the face of extensive peripheral deafferentation may be of sufficient extent to account for such large-scale cortical reorganization as the expansion of the cortical face representation that follows long-term upper limb deafferentation. The changes in the brainstem and thalamus are too great to be set aside in favor of a purely cortical explanation of these phenomena. However, the likelihood of contributing intracortical mechanisms should not be excluded. Intracortical microstimulation has the same effect as heightened activity at the periphery in promoting short-term expansions of bodypart representations in the somatosensory cortex (Recanzone et al 1992b) . Longrange intracortical connections of sufficient extent that could be recruited in order to promote expansion of one representation at the expense of an adjoining one under these conditions do exist (De Felipe et al 1986) , and in the motor cortex they have been implicated in map expansions dependent on selective interruption of motor nerves and abnormal sensory experience (Huntley 1997a,b) . Horizontal collaterals of layer-III and layer-V pyramidal cells can extend over distances as great as 5-6 mm in monkey somatosensory (De Felipe et al 1986) and motor cortex (Huntley & Jones 1991) . Recruitment of preexisting but previously silent synapses of these horizontal axons within the cortex has been postulated as a major, perhaps the sole, contributor to short-term expansions of parts of the retinotopic representation that occur in the visual cortex when a part is silenced following a retinal lesion (Kaas et al 1990 , Gilbert & Wiesel 1992 . These connections may even be capable of sprouting over relatively short time frames (Darian-Smith & Gilbert 1994 , Florence et al 1998 and thus further promote such expansions. To date, evidence for sprouting in the deprived somatosensory cortex is slight, so our discussion focuses on preexisting intracortical connections.
Permissive and Constraining Features of Intracortical Connectivity
Recent studies reveal that in normal macaque monkeys, intracortical connections arising in the part of area 3b representing a single finger extend mediolaterally well into the representations of at least two adjacent fingers (Muñoz et al 1996) . These connections could obviously promote expansions of a representation mediolaterally in area 3b. Anteroposterior connectivity is less extensive and usually confined to the representation of a single digit. It may not be of sufficient extent to account for expansion of, for example, the representation of skin over the proximal phalanx into that formerly representing skin over the middle and distal phalanges after these latter are amputated (Manger et al 1996b) (Figure 1 ). In this case, thalamocortical divergence may be the operative condition. There are also certain barriers to horizontal corticocortical connectivity that may constrain the extent or direction of map expansions after deafferentation. In both the somatosensory and motor cortex (Huntley & Jones 1991 ) of monkeys, horizontal corticocortical connections normally do not cross the boundary between the representation of the face and that of the upper limb (Figure 6 ). In the case of the somatosensory cortex, this border is marked by a curious organization that may help explain the predilection for only the lower part of the face representation to expand in monkeys subjected to long-standing deafferentation of the upper limb. The lower face representation, which expands at the expense of the silenced upper limb representation in both the cortex and thalamus of monkeys subjected to large-scale deafferentations, forms a narrow strip between the representation of facial skin innervated only by the trigeminal nerve and the representation of neck skin innervated only by upper cervical nerves (Sherrington 1939) . The intervening area of skin, mostly over the outer surface of the lower jaw, is innervated by overlapping branches of the mandibular division of the trigeminal nerve and of the second cervical nerve (the first cervical nerve usually contains no afferent fibers). Sectioning either the mandibular nerve or the second cervical nerve alone does not render this area of skin anesthetic (Sherrington 1939) . Neurons in the lower face representation of area 3b invariably have receptive fields that extend over the skin of both the lower jaw and adjacent upper part of the neck . It is likely, therefore, that the cortical represen- Manger et al (1997) . (Right) Overlap in the peripheral distributions of the second cervical (C2) and mandibular (Mandib.) nerves in the face of a monkey. Maxill., Maxillary nerve; Ophth., ophthalmic nerve; X, vagus nerve. Redrawn from Sherrington (1939). tation of this lower jaw/neck region receives its thalamic input from both the face representation in VPM and the body representation in VPL, although this has not been specifically identified.
Dense, horizontal corticocortical connections in area 3b join the upper limb representation to the lower jaw/neck representation but not to the remainder of the face representation . Intracortical connections within the face representation, although extensive, do not cross into the upper limb repre-sentation beyond that of the lower/jaw neck representation. This polarization of corticocortical connections seems highly significant because, in the absence of inputs to the lower jaw/neck representation from cervical spinal nerves in monkeys subjected to upper limb deafferentation, only the remaining inputs to this representation from the mandibular nerve can potentially gain access to the silenced upper limb representation via the horizontal connections in the cortex. This may be a potential route for spread of the lower face representation into that of the upper limb. Because of the polarity of the connections at the border of the representation of lower jaw/neck and upper limb representations, they could not serve as basis for expansions of an upper limb representation into a silenced face representation. Lund et al (1994) pointed out that expansion of a representation of the occipital region of the head (innervated peripherally by overlapping branches of the ophthalmic division of the trigeminal nerve and the posterior division of the second cervical nerve), normally located medial to the upper limb representation, could also contribute to expansions of the face representation into an upper limb representation silenced by total deafferentation. If the medial head representation shows a pattern of corticocortical organization similar to that of the lower jaw/neck representation, this could indeed be a factor. However, the medial head representation has not been explored in this way.
In the light of current knowledge, it is likely that expansions of a cortical map under activity-dependent conditions have a basis in the divergence of thalamocortical connectivity, now known to be far more extensive when considered in terms of the projections of thalamic cell populations rather than of single cells. Any expansion based on thalamocortical divergence is probably reinforced, however, by intrinsic corticocortical connections when they extend across representational borders, but it undoubtedly is constrained by them when they are blocked at borders such as that between the face and upper limb representations. In viewing the extent of thalamocortical divergence, the fact that the normal cortex is capable of setting up boundary conditions that effectively localize representations of body parts to particular domains within the overall body map is perhaps even more remarkable than the capacity that these representations possess for expansion in the face of altered patterns of peripheral input. Also remarkable is the ability of experimenters to map out borders between representations in the normal cortex and not find them "smeared" by divergent inputs from adjacent body parts. The key to this replicable experimental observation may lie in the techniques customarily used for mapping representations in the somatosensory cortex, namely the recording of multiunit responses in which, instead of isolating the responses of single neurons, the experimenter merely records the most vigorous response from a clotted mass of neuronal responses. In the former case, the synaptic weighting of inputs from different parts of a receptive field, the presence of inputs from more extensive receptive fields, and, if recorded intracellularly, even the presence of subthreshold inputs that could be recruited under conditions of plasticity can be evaluated. In some of the few studies in which this approach has been used, Zarzecki and colleagues (Smits et al 1991 , Zarzecki et al 1993 report that approximately 20% of cells in the representation of single digits in the primary somatosensory cortex of raccoons display EPSPs in response to stimulation both of the primary digit and of adjacent digits. More than 50% display EPSPs in response to stimulation of corticocortical fibers emanating from a zone of cortex characterized by the presence of cells with multidigit receptive fields. Twentytwo weeks after amputation, or after induction of digital syndactyly, the number of EPSPs resulting from stimulation of adjacent digits increases to about 85%. The number of corticocortical EPSPs also increases to about 85% after imposition of syndactyly but not after amputation, and there are alterations in rise times and latencies of the EPSPs that are suggestive of plasticity at the synaptic level.
Corticofugal Effects?
The preceding paragraph has focused on thalamocortical and corticocortical divergence as a key element in functional plasticity of the somatosensory cortex. But the emphasis of this review is on the role that divergence at all levels in the ascending somatosensory pathways is likely to exert over map plasticity in the cortex. The cortex is merely at the top end of a highly divergent fountain of connections from the spinal cord upward. Divergent intracortical connections would thus reinforce a thalamic-based expansion of a representation that is itself an amplified expansion of a divergent process begun at lower centers. It is also worth considering whether map expansion in the cortex could be fed back to the thalamus and brain stem by corticothalamic and corticobulbar connections. This would presumably serve to reinforce and perhaps further amplify plasticity beginning at the lower centers and transferred upward. There have, unfortunately, been too few investigations of this potential. The corticothalamic synapse during development undergoes a series of physiological and receptor-based changes that make it a candidate for extensive synaptic remodeling during development and in later life (Golshani et al 1998) . The corticobulbar projection has not been examined in the same light. In their study of receptive-field plasticity of single neurons in the dorsal column nuclei, Pettit & Schwark (1993) found that the emergence of new receptive fields that occurs immediately after injecting local anesthetic into the normal receptive fields of neurons in these nuclei was not impeded by removal of descending influences from the cortex. This indicates that the cortex does not influence the brainstem in the initial plastic response to deafferentation, but longer-term effects are not ruled out and need to be investigated. In the thalamus, Ergenzinger et al (1998) have demonstrated that acute or chronic blockade of activity in the cortical hand representation of monkeys by infusion of an Nmethyl-D-aspartate (NMDA) receptor agonist leads to both immediate and longerterm enlargements of receptive fields of VP neurons at approximately 50% of recording sites in the nucleus, with the expansion increasing over time. This appears to be a substrate for reflecting map expansions at the cortical level back to the thalamic level. Under long-term conditions of peripheral or central depri-vation, therefore, reorganization at higher and lower levels of the system should serve mutually to reinforce one another.
THE ROLE OF GABAERGIC INHIBITION IN CORTICAL PLASTICITY
The potential synaptic mechanisms that should serve to sculpt a new representation out of an existing one under activity-dependent conditions by manipulation of the highly divergent thalamocortical and intracortical connections are readily predictable: Strengthening of existing but weak or subthreshold synaptic inputs and depression or otherwise weakening of existing strong synaptic inputs must be important components of any mechanisms that underlie plasticity based on manipulation of an existing anatomical substrate. In a recent review, Buonomano & Merzenich (1998) have outlined some of the options open to the cortex in effecting alterations of synaptic strength that may underlie map plasticity. These include long-term potentiation and long-term depression of excitatory responses to stimulation, as well as similar effects on fast inhibitory responses mediated by c-amino butyric acid (GABA). All these can be demonstrated at the synaptic level in cortical preparations. Other, perhaps even more likely, bases of map plasticity may lie in the capacity possessed by cortical neurons to compensate for changes in excitatory input by regulating turn-over of postsynaptic ␣-amino-3-hydroxy-5-methyl-isoxozolepropionate (AMPA) receptors, scaling the size of EPSP amplitudes and thus the overall responses of a neuron to stimulation , O'Brien et al 1998 , an effect that is mediated by brain-derived neurotrophic factor . Translating these mechanisms into demonstrable bases of cortical map expansions or contractions remains to be effected. However, there is no reason to believe that these mechanisms operate at cortical levels alone. Although the brainstem nuclei and thalamus have not received the same attention as the cortex, there is growing evidence for synaptic plasticity at the thalamic level at least (Steriade & Timofeev 1997 , Timofeev & Steriade 1998 , which suggests that it is just as premature to rule out involvement of the brainstem and thalamus in cortical map plasticity on this basis as it is to rule them out on the grounds considered at length in previous paragraphs.
At the cortical level, there are numerous observations that implicate the inhibitory neurotransmitter GABA in map plasticity (Jones 1993) . Cortical cells released from inhibition by suppression of GABA A receptor activity commonly increase the sizes of their receptive fields (Alloway & Burton 1986 , and removal of inhibition is thought to underlie the immediate expansions of receptive fields of somatosensory cortical neurons after loss of peripheral input by amputation or local anesthesia of a digit (Calford & Tweedale 1988 , 1990 , an effect that may depend on loss of tonic control by C fiber inputs over central inhibitory mechanisms. Reestablishment of inhibition is thought to be responsible for shrinkage of these fields back to their normal size over time.
NMDA receptors also seem to play a role in the plastic response of the somatosensory cortex to deprivation of inputs. In cats, Kano et al (1991) reported that NMDA receptor blockade delays reorganization of the somatosensory cortex following loss of peripheral input. Garraghty & Muja (1996) also reported that systemic blockade of NMDA receptors for 25 days subsequent to sectioning the median nerve in squirrel monkeys will prevent somatotopic expansions into the silenced part of the cortical representation of the hand.
These effects are not, however, confined to the cortex, and receptive-field expansions also occur in the dorsal column nuclei and thalamus when GABA A receptors are blocked (Dykes et al 1984 , Hicks et al 1986 , Schwark et al 1999 . Because both NMDA and non-NMDA receptors are involved in somatosensory thalamic transmission (Salt & Eaton 1990 , Golshani et al 1998 , it would be surprising if thalamic plasticity did not involve one or both of these as well as GABA receptors. It is reasonable to assume that modulations of the overall balance of excitation and inhibition in the brainstem, thalamus, and cortex is an essential part of map plasticity. Early enthusiasm for this as a cortical mechanism of map plasticity arose as the result of the dramatic effects that perturbations of retinal input can have on expression of genes related to the GABAergic and glutamatergic neurotransmitter systems in monkey visual cortex. Blockade of activity in one optic nerve for as little as 3-4 days can severely down-regulate GABA and glutamate and their receptors in monkey visual cortex (Hendry & Jones 1986 , 1988 Benson et al 1991 Benson et al , 1994 Huntsman et al 1994; Carder & Hendry 1994; Tighilet & Jones 1996) . Other molecules potentially engaged in synaptic plasticity-for example alpha-type II calcium/calmodulin-dependent protein kinase, a protein found at the post synaptic densities of excitatory synapses in association with NMDA and non-NMDA receptors and involved in induction of long-term potentiation in the hippocampus-are surprisingly but importantly up-regulated (Hendry & Kennedy 1986 , Benson et al 1991 , Tighilet et al 1998 . Histologically, under these conditions, the visual cortex shows the unmistakable striping of alternating deprived and nondeprived ocular dominance columns visualized by huge alterations in protein or mRNA levels. It was a natural step to assume that comparable results would be obtained in the somatosensory cortex following deprivation of peripheral input. Although occasional reports have suggested alterations in levels of immunocytochemically detectable GABA or other agents in monkey somatosensory cortex (Cusick 1991 , Conti et al 1996 , these are weak in comparison with the changes occurring in the visual cortex, even after the most massive and longest deprivations, and are difficult to replicate at the mRNA level . This failure to reproduce in the somatosensory cortex of monkeys what is clearly evident in the visual cannot lie in the fact of the former being one synapse further removed from its peripheral sources of input, because even after destruction of at least 15% of the somatosensory thalamus, only minor alterations in GABA-and glutamate-related gene expression can be detected . The difference undoubtedly lies in the nature of the thalamocortical organization of the two sensory systems:
Silencing one optic nerve effectively silences all inputs to the deprived lateral geniculate layers related to that eye, and all thalamocortical inputs to the related ocular dominance columns are silenced. In the VP nucleus of the thalamus, because of the extreme divergence from the brainstem upward, no part of the nucleus is totally silenced, even after section of two or more peripheral nerves. In which case, the divergence of the still active thalamocortical projections probably ensures that activity is maintained at a level sufficient to maintain gene expression in the affected parts of the cortical representation. This is perhaps the most compelling demonstration of the high degree of divergence and overlap in the somatosensory thalamocortical projection. In adult monkey visual cortex, although there may be similar divergence within an ocular dominance column, there is little or no divergence across ocular dominance columns related to the two eyes. To compare activity-dependent effects on transmitter-related gene expression in the two systems would necessitate studying changes in deprived columns of the visual cortex after deactivation of only part of the retina with those in the somatosensory cortex after section of a peripheral nerve. This has not been done. These comments are not intended to rule out the contribution of activitydependent alterations in the balance of excitation and inhibition as essential components of the plastic response of the somatosensory cortex. However, this contribution is likely to be at the single-cell level, as discussed briefly elsewhere in this review, and difficult to detect by standard immunocytochemical or in situ histochemical methods.
CONCLUSION
Brainstem and thalamic contributions have been under-represented or ignored in attempts to explain the mechanisms underlying activity-dependent reorganization of representational maps in the somatosensory cortex of primates. There is, however, a strong body of evidence to indicate that receptive-field changes and map reorganization occurs in both the dorsal column nuclei and the thalamic VP nucleus over both the long and the short term following peripheral deafferentation. The normal organization of the pathways joining these centers to the periphery, to one another, and to the cerebral cortex is far more divergent than hitherto assumed, especially when considered in light of cell populations representing body parts rather than single cells. This divergence, which can maintain a map in the cortex even after substantial numbers of axons are lost from the dorsal columns or from the thalamocortical projection, provides an existing substrate for at least immediate and small-scale expansions of representations, expansions that will be amplified when projected upward through thalamus to cortex. Small changes at subcortical levels can thus have extensive effects at the cortical level.
Longer-term map expansions and consolidation of their internal topography, especially after large-scale deafferentation, are likely to be promoted by the slow transneuronal atrophy of brainstem and thalamic cells, withdrawal of the axons of these cells from thalamus and cortex, and promotion of synaptic reorganization at all levels. Although transneuronal atrophy is an inexorably progressive response to central deafferentation caused by spinal and radicular lesions, the extent to which it will occur after a peripheral deafferentation caused by section of a nerve or amputation of a limb will depend on the capacity of dorsal root ganglion cells that escape retrograde degeneration to maintain activity in the ascending, divergent pathways.
Rather than being restricted to the cerebral cortex, map reorganization undoubtedly occurs at all levels of the ascending somatosensory pathway, and cortical and subcortical changes are likely to be mutually reinforcing and based on similar synaptic mechanisms. The synaptic mechanisms involved in representational plasticity remain ill-defined. The dramatic, activity-dependent alterations in expression of GABA, glutamate, their receptors, and other molecules involved in synaptic transmission and in synaptic plasticity that occur in adult primate visual cortex are not observed in primate somatosensory cortex after perturbations of sensory input. This is probably also a manifestation of the extreme divergence of the thalamocortical projection to the somatosensory cortex, coupled with differences in the organization of this projection in the somatic and visual areas of primates.
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